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Outline & Approach 

ÅIntroduction to Bradford Hill criteria

ÅPurpose

ÅProposed mechanisms of hearing & cognition relationship 
ÅMechanisms not necessarily mutually exclusive!

ÅApproach  
ÅDraw on published research (meta-review) & supporting studies 

ÅDatasets

Å9 Bradford Hill criteria 

ÅDiscussion & implications



Bradford Hill criteria for causation 

Framework for causal inference consisting of 9 
óviewpointsô to help determine if epidemiologic 

associations can be described as causal. 

Not a rigid óchecklistô and should evolve alongside modernizing 
scientific methods and understanding. 

Bradford-Hill, 1965



Purpose

Contextualize the current state of research focused on 
hearing and cognition with the Bradford Hill criteria for 
causality, in order to understand whether or not causal 

inferences can be made from current observed 
associations. 



Proposed mechanisms: Cognitive load

Uchida et al., 2020
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Proposed mechanisms: Common cause 

Uchida et al., 2020

Hearing loss Cognitive impairment

Neuropathological 

Common Cause
e.g., oxidative stress, genetic 

factors, vascular health



Proposed mechanisms: Common cause 

Uchida et al., 2020

Hearing loss Cognitive impairment

Neuropathological 

Common Cause
e.g., oxidative stress, genetic 

factors, vascular health Nothing changes



Proposed mechanisms: Cascade

Uchida et al., 2020
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Uchida et al., 2020

Proposed mechanisms: Overdiagnosis

Hearing loss

Cognitive impairment

Over or misdiagnosis of cognitive 

impairment due to impacts of hearing 

loss on cognitive test performance.



Uchida et al., 2020

Proposed mechanisms: Overdiagnosis

Hearing loss

Cognitive impairment

Over or misdiagnosis of cognitive 

impairment due to impacts of 

hearing loss on cognitive test 

performance.

a: 

x



Other relevant definitions

ÅCognitive function or decline (domains):
ÅMemory and learning

ÅLanguage

ÅExecutive function (e.g., working memory, adaptable thinking, self-
monitoring/control, organization)

ÅComplex attention

ÅPerceptual and motor functions

ÅMild cognitive impairment (MCI): memory or thinking problems that 
may progress to dementia 

ÅDementia: umbrella term characterized by severe loss of memory 
and other thinking abilities. 
ÅAlzheimerôs: Most common cause of Dementia.



Dataset: VA Electronic Health Records 

Patients with hearing aid order (n=731,213; 98.9% male)

Dillard et al., 2020; Saunders et al., 2021; Zobay et al., 2021; Naylor et al., 2022

IOI-HA: International Outcome Inventory for Hearing Aids; ICD: International Disease 

Classification codes; CPT: Current Procedural Terminology codes  



Epidemiology of 
Hearing Loss 
Study (EHLS)

Å1993-2020 

Ån=3500

ÅOlder

Dataset: Longitudinal Cohort Studies 

Beaver Dam 

Offspring Study 

(BOSS)

Å2005-current 

Ån=3300

ÅMiddle-aged

ÅOffspring of EHLS

MUSC 
Longitudinal 

Study 

Å1988-current

Ån=1775

ÅOlder

Pooled (n=3574) middle-aged to older adults

Cruickshanks et al., 1998, 2003, 2015; Nash et al., 2011; Dubno et al., 2008



Bradford Hill criteria for causation  

1. Strength of association

2. Consistency of evidence

3. Specificity

4. Temporality

5. Biologic gradient

6. Plausibility

7. Coherence

8. Experimental evidence

9. Analogy 

Bradford-Hill, 1965; Rothman, 2005

Intervention with hearing aids 



1. Strength of Association 

The larger the association, the more likely to be a causal relationship.

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Bradford-Hill, 1965; Rothman, 2005

Weak associations may be more easily explained by undetected 
biases. 



1. Strength of Association 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Correlations of hearing loss and cognitive domains 

(longitudinal studies) 

Loughrey et al., (2018); Beydoun et al., (2014)

Note: Present results from one systematic review/meta-analysis related to 

hearing loss. Other meta-analyses returned similar results. 

HR 95% CI

Hearing loss 1.22 (1.09, 1.36)

Education 

(low vs high)
1.99 (1.30, 3.04)

Smoking 

(history vs never)
1.37 (1.23, 1.52)

Physical activity 

(high vs low)
0.58 (0.49, 0.70)

Homocysteine 

(high vs low)a 1.93 (1.50, 2.49)

Longitudinal associations of risk factors 

(separate meta-analyses) with dementia

The larger the association, the more likely to be a causal relationship.

aamino acid identified as risk factor for Dementia

-0.06 to -0.14



1. Strength of Association 

The larger the association, the more likely to be a causal relationship.

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Magnitude of association is relatively small and is smaller than 
other risk factors for cognitive decline or dementia. 



2. Consistency of evidence

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

A variety of locations, methods, and populations show same results. 

Bradford-Hill, 1965; Rothman, 2005

Rules out hypothesis that the association is attributable to some 
factor that varies across studies. 



2. Consistency of evidence

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

ÅSeveral countries (most high 
income) show similar results

ÅMany (not all) definitions/ 
methods show similar results 

ÅTypes of cohorts
ÅCommunity dwelling

ÅHealth care recipients

ÅMedical records

ϭ Australian Bureau of Statistics, GeoNames, Microsoft, Navinfo, OpenStreetMap, TomTom, Zenrin

Powered by Bing

A variety of locations, methods, and populations show same results. 

Loughrey et al., (2018); Ford et al., (2018); Zheng et al., (2017); Tarawneh et al., (2017); Fu et al., (2023); Lau et al., (2022); Liang et al., (2021); Taljaard et al., (2016)



2. Consistency of evidence

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Associations are generally consistent.

A variety of locations, methods, and populations show same results. 



3. Specificity 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

If present, the greater the specificity between an exposure and 
outcome, the greater the probability of causality. 

Exposure causes only one disease outcome.

Bradford-Hill, 1965; Rothman, 2005



3. Specificity 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Lawrence et al., 2020; Tian et al., 2021

Exposure causes only one disease outcome.

ÅMost studies focus on associations of 
hearing loss with health-related 
quality of life 

ÅSome evidence suggests hearing is 
associated with depressive 
symptoms or physical frailty 

Health-

related 

quality of 

life

PhysicalSocial

Mental

Daily 

living

Emotional



3. Specificity 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

It is difficult to apply this criterion to hearing loss. 

Exposure causes only one disease outcome.

??



4. Temporality

Strength Ą Consistency Ą Specificity Ą TemporalityĄ Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Time of the exposure precedes the disease outcome.

Bradford-Hill, 1965; Rothman, 2005

Inarguable criterion!



4. Temporality

Strength Ą Consistency Ą Specificity Ą TemporalityĄ Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Hearing loss 

(exposure)

Cognitive function 

or decline

(outcome)

Time

Longitudinal Studies 
Cross-Sectional Studies 

Hearing loss (exposure)

Cognitive function or decline

(outcome)

Time

Time of the exposure precedes the disease outcome.

Cannot determine temporality Need to consider when in disease course

measurements are made, frequency and 

duration of follow-up

6 to 18 years

Loughrey et al., (2018)



4. Temporality

Dementia has long pre-clinical 
phase and biomarkers (e.g., 
amyloid Aɓ, tau) can be 
observed before clinical stage

Strength Ą Consistency Ą Specificity Ą TemporalityĄ Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Preclinical

Aisen et al., (2017)

Time of the exposure precedes the disease outcome.

amyloid 

Aɓ tau



4. Temporality

Strength Ą Consistency Ą Specificity Ą TemporalityĄ Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Longitudinal studies confirm temporality yet vary in the 
frequency and methods of data collection. Understanding 

temporality is complicated given preclinical stages of disease. 

Time of the exposure precedes the disease outcome.



5. Biologic gradient

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Dose/response relationships between exposure and outcome.

Bradford-Hill, 1965; Rothman, 2005

Helpful to establish association but is not expected from all 
causal relationships. 



5. Biologic gradient

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

EHLS and BOSS (n=3574): Cognition measured by a principal component analysis 

Dillard et al., 2022

Referent group = normal hearing

Adjusted for: age, sex, education, marital status, visual impairment, atherosclerotic plaque, diabetes

PTA: 0.5-4.0 kHz, better ear 
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Cognitive domains: 

Å Memory

Å Language 

Å Processing speed

Å Executive function

Dose/response relationships between exposure and outcome.

PTA 26-40 dB

PTA >25 dB

PTA 41+ dB



5. Biologic gradient

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

More severe hearing loss is associated with higher odds or risk 
of poorer cognition or dementia. 

Dose/response relationships between exposure and outcome.



6. Plausibility 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Association consistent w/ biological, psychological, or social models. 

Bradford-Hill, 1965; Rothman, 2005



6. Plausibility 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 
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Ohlenforst et al. (2017); Uchida et al., 2020

Cognitive Load

Association consistent w/ biological, psychological, or social models. 

Å Inconsistent evidence that 

hearing loss increases listening 

effort 



6. Plausibility 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Uchida et al., 2020

Hearing loss Cognitive impairment

Neuropathological 

Common Cause
e.g., oxidative stress, genetic 

factors, vascular health

Common cause 

Association consistent w/ biological, psychological, or social models. 

ÅAssociations often persist after 

controlling for shared risk factors

ÅDifficult to rule out residual or 

uncontrolled confounding



6. Plausibility 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Hearing loss

Verbal communication 
failure

Decreased 
socialization

Depression, loneliness, 
social isolation

Impoverished auditory 
input

Decreased activity in 
auditory pathway

Structural changes to 
brain

Brain volume atrophy

Use it or lose it

Cognitive impairment

Uchida et al., 2020; Bott & Saunders, 2021; Lin et al., 2014; Rigters et al., 2017

Cascade

Association consistent w/ biological, psychological, or social models. 

Å Inconsistent evidence that 

hearing loss leads to depression, 

loneliness, and social isolation

ÅHearing loss has been 

associated with smaller brain 

volume yet there is evidence for 

cross-modal plasticity



6. Plausibility 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Uchida et al., 2020; Füllgrabe, 2020

Overdiagnosis

Association consistent w/ biological, psychological, or social models. 

ÅAssociations of hearing loss with 

cognitive function are shown on 

verbal and non-verbal tasks

Hearing loss

Cognitive impairment



6. Plausibility 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

Associations are plausible, but mechanistic frameworks were 
developed based on plausibility. 

Association consistent w/ biological, psychological, or social models. 



7. Coherence 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

All available evidence supports the cause-effect relationship and does not 
conflict with what is known about the natural history and biology of disease.

Bradford-Hill, 1965; Rothman, 2005

Conflicting information may undermine a hypothesis.



7. Coherence 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

All available evidence supports the cause-effect relationship and does not 
conflict with what is known about the natural history and biology of disease.

ÅFew longitudinal studies of hearing 

ÅAll evidence towards the proposed 
mechanisms have some supporting, 
conflicting, and missing information. 

ÅMore high-quality data (from human 
and animal studies) and improved 
understanding of mechanisms will 
help establish or refute coherence.

Hearing loss 

(exposure)

Cognitive function 

or decline

(outcome)

Time

Longitudinal Studies 



7. Coherence 

Strength Ą Consistency Ą Specificity Ą Temporality Ą Biologic gradient Ą Plausibility Ą Coherence Ą Experimental evidence Ą Analogy Ą Discussion 

All available evidence supports the cause-effect relationship and does not 
conflict with what is known about the natural history and biology of disease.

Evidence supporting causality is inconsistent. High quality data, 
including longitudinal and cross-disciplinary data, are needed to 

improve understanding of mechanisms. 


